This study aimed to investigate the effects of citicoline therapy on the network connectivity of the corpus callosum in patients with leukoaraiosis (LA) by diffusion tension imaging (DTI).
Introduction
Leukoaraiosis (LA) is a term frequently used in the neuroimaging. It is rarely accompanied by the change in corpus callosum morphology and characterized by bilateral, patchy, or diffuse areas of hypodensity on computed tomography or hyperintensities on T2-weighted magnetic resonance imaging (MRI) scans. These changes involve the periventricular white matter, the corona radiata, and the centrum semiovale with different severity. LA is very common in the elderly and has been an important risk factor and a warning signal of cognition impairment and late-onset depression. The corpus callosum contains numerous neural fibers connecting the bilateral cerebral hemispheres, and LA displays symmetrical changes. Thus, our previous study attempted to investigate the relationship between the network connectivity of corpus callosum and LA, and results indicated that the abnormal conductivity of the corpus callosum was closely related to the pathogenesis of LA as well as the cognition impairment. [1] Citicoline is an essential intermediate in the synthesis of structural phospholipids of cell membranes. Exogenously administered citicoline can promote rapid repair of injured neuronal membrane by increasing the synthesis of phospholipids. In the present study, diffusion tension imaging (DTI) was employed to investigate the effects of citicoline therapy on the network connectivity of corpus callosum in LA patients, which may provide evidence for the therapy and prevention of LA.
Methods

Patients
In this prospective study, a total of 30 patients who were diagnosed with moderate to severe LA were recruited from the Department of Neurology of Tongji Hospital. The main symptoms included dizziness, headache, memory loss, insomnia, and anxiety. Inclusion criteria were as follows: aged 50 to 80 years; extensive LA by flair sequence of MRI. Exclusion criteria: stroke history; other central nervous system diseases such as infection, demyelinating diseases, neurodegenerative diseases, etc.; history of mental illnesses such as schizophrenia and major depression; dementia; severe physical illnesses; addictive to alcohol or drugs; unable to cooperate with treatment or followup; and contraindications to MRI examination. The risk factors of cerebrovascular diseases were recorded, and patients received neuropsychological assessment, blood biochemical examination, and routine cranial MRI examination (T1 + T2 + Flair) as well as DTI. Cognition function was evaluated with Montreal Cognitive Assessment and Mini-mental State Examination by corresponding experienced clinicians. Hypertensities in periventricular and deep white matter in Flair sequence were graded according to the Fazekas scale [2] (grade: 0-3). Periventricular hyperintensities (PVH): Grade 0: absence; Grade 1: capping or pencil thin lining; Grade 2: smooth halo; Grade 3: irregular PVH extending into the deep white matter. Deep white matter hyperintensities (DWMH): Grade 0: absence; Grade 1: punctate foci; Grade 2: beginning confluence of foci; Grade 3: large confluent areas. Grade 0 to 1 may be physiological, and thus not regarded as LA. Of these patients, Fazekas grade 2 and 3 were found in 18 and 12 patients, respectively.
1.2. Methods 1.2.1. Citicoline treatment. This study was supported by the grant from the Health and Family Planning Commission of Shanghai, and the study protocol was approved by the Ethics Committee of our hospital. The harm, outcome, and therapy of LA and the necessity of follow-up were explained to all patients, and informed consent was obtained before the study. Patients chose one of the treatments according to their own situations. Patients were voluntarily assigned into citicoline group (n = 14) and control group (n = 16). In citicoline group, patients received treatment with citicoline capsule (0.6 g/d; Shandong Qilu Pharmaceutical Co., Ltd. Jinan City, Shandong Province, China) for 1 year. In control group, central nervous system drugs should not be used, except for sleeping pills and antidepressants. The pre-existing diseases should be treated in 2 groups. After 1-year treatment, neuropsychological assessment, routine MRI, and DTI were performed in all these patients. 1.2.3. Image processing after DTI. PANDA (http://www.nitrc. org/projects/panda) was used to process the data from DTI. [3] The format of images was transformed from DICOM into NifTI, and the b0 value was determined. Then, the nonbrain sections were removed, and the images were trimmed. After adjustment for eddy and head movement, the DTI parameters were calculated, followed by spatial standardization, Gaussian smoothing and calculation of fractional anisotropy (FA) and mean diffusivity (MD) of different brain regions based on Johns Hopkins University white matter templates. The genu, body, and splenium of corpus callosum were selected as the regions of interest (ROIs). On recruitment and during follow-up period after 1-year treatment, the FA and MD of ROIs were determined.
MRI examination. MRI scanning was performed with
Statistical analysis.
Statistical analysis was performed with SPSS version 18. Qualitative data were compared with chisquared test. Quantitative data with normal distribution are expressed as mean ± standard deviation, and compared with t test between 2 groups. A value of P < 0.05 was considered statistically significant.
Results
Of 30 patients, 1 patient in each group was lost to follow-up, and finally 28 patients were included for analysis.
The demographics of patients in both groups are shown in Table 1 . There were no significant differences in the gender, age, education level, risk factors of cerebrovascular diseases, and Table 1 Patients' characteristics at baseline in citicoline group and control group.
Citicoline group (n = 13) 
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neuropsychological parameters (P > 0.05). In addition, significant differences were not observed in the routine blood biochemical parameters such as fasting glucose, glycated hemoglobin, liver function, kidney function, and homocysteine (P > 0.05).
The FA and MD of the genu, body, and splenium of corpus callosum in 2 groups are shown in Tables 2 and 3. Table 3 data were plotted in 3 before-after line graphs (Fig. 1) , where the vertical axis is the MD value, and the horizontal axis has 2 conditions: baseline and 1 year later. There were no significant differences in the FA and MD at baseline between 2 groups (P > 0.05). After 1-year treatment, the FA and MD were comparable between 2 groups (P > 0.05). However, the changes in FA and MD from baseline to end of study were significantly different between 2 groups. As shown in Table 2 , the reduction in FA of genu and splenium of corpus callosum in citicoline group was significantly lower than in control group (P = 0.005 and 0.011). As shown in Table 3 , the MD of body and splenium of corpus callosum tended to reduce in citicoline group, but increased in control group after 1-year treatment, and the differences in the MD of genu body and splenium of corpus callosum were significantly different between 2 groups (P = 0.007, 0.002, and 0.002). Figures 2 and 3 show the severity of LA and the dynamic change in DTI of patients in 2 groups. In Fig. 2 , patients received citicoline therapy for 1 year (Fazekas grade 3) ; in Fig. 3 , patients did not receive citicoline therapy.
Discussion
LA is an age-related disease, and the incidence of LA increases with the increase in age. Patients with mild to moderate LA usually are asymptomatic and thus LA is often regarded as age related or physiological change. However, a large number of studies have shown that LA of a certain severity is pathological. [4] [5] [6] LADIS serial studies have revealed that the severity of LA is closely related to the risk for reduced implementation capacity, cognition impairment, late-onset depression, stroke, disability, and death. [7] [8] [9] [10] The pathogenesis of LA is still unclear and might be caused by chronic hypoperfusion secondary to cerebral small vessel disease or the degeneration of brain white matter. A 3-year follow-up study in LADIS serial studies showed the age-related white matter changes could cause the progressive loss of tissues in the corpus callosum, resulting in its atrophy. [11] Corpus callosum is composed of commissural fibers that bridge 2 hemispheres. Currently, the causal relationship between network change of the corpus callosum and LA is still unclear. The disruption of the network connectivity or structural atrophy of the corpus callosum may inevitably cause damage to the signal transmission and the signal integration between 2 hemispheres, leading to a series of clinical symptoms such as cognition impairment, reduced executive function, and dyskinesia. Thus, the abnormal network connectivity or structural atrophy of the corpus callosum may predict the possibility of future cognition impairment. [11] [12] [13] In our study, DTI showed the FA of genu, body, and splenium of corpus callosum reduced, but MD increased in LA patients, while FA reduction is related to cognition function. [1] After 1-year therapy, the FA of corpus callosum further reduced over time. FA may reflect the number of axons and myelins in the white matter, and FA reduction is suggestive of microstructural degeneration of white matter and disruption of the myelin integrity. [14] Currently, no effective strategies have been developed for the treatment of LA. Our results showed that, although the FA of corpus callosum tended to reduce over time in LA patients, oral citicoline was able to significantly delay the reduction in the FA of corpus callosum; suggesting that citicoline may attenuate the damage to the axons and myelins in the corpus callosum and promote the repair of the corpus callosum. Citicoline is a precursor in the intrinsic synthesis of phosphatidylcholine and essential for the lecithin synthesis. It is involved in the biosynthesis of lecithin and an important component of biological membranes. After damage to the central nerves, citicoline may stabilize the cell membrane and inhibit the production of cytotoxic free fat acids in the brain. In addition, it is also involved in the repair and regeneration of neurons, exerting neuroprotective effects. Citicoline has been found to improve the cognition impairment in patients with chronic ischemic cerebrovascular diseases or dementia. Currently, citicoline is used in the therapy of brain injury, stroke, dementia, and brain atrophy. [15] [16] [17] [18] There is evidence showing that citicoline is able to improve the permeability of blood-brain barrier, increase the superoxide dismutase activity, and inhibit calpain overactivation, exerting neuroprotective effects on closed brain injury. [19] MRS study showed citicoline therapy for 6 weeks in healthy volunteers could significantly increase creatine phosphate and triphosphate and markedly alter the phospholipids in membrane in the cortex of frontal anterior cingulate, suggesting that citicoline is able to improve the frontal bioenergy and the fluidity of phospholipids in the cell membrane. [20] In summary, LA patients have abnormality in the network connectivity of the corpus callosum, which deteriorates over time. Citicoline therapy may delay the damage to the axons and myelins in the corpus callosum, exerting protective effects on the corpus callosum. Our findings may provide evidence for the early clinical intervention of LA.
